China's Development of Low-Carbon Eco-Cities and Associated
Indicator Systems
Introduction
China's urban population surpassed its rural population historically in 2011, when the number of Chinese living in towns and cities reached about 690 million 1 . In the years to come, cities in China will face major challenges as their rapidly increasing populations burden already crowded infrastructure systems and exacerbate environmental and climate change issues, threatening public health and quality of life. Low-carbon cities may be key to addressing those challenges, especially as regards mitigating and adapting to climate change. Government entities at both the central and local level have moved aggressively on building low-carbon eco-cities. According to statistics reported by the Chinese Society for Urban Studies, by February of 2011, China will have 230 cities at the prefecture-and-above level that have proposed to establish themselves as "eco-cities," accounting for 80.1% of the 287 such cities nationally. Of those 230 cities, 133, or 46.3%, have established targets to develop specifically as "lowcarbon cities" (Chinese Society for Urban Studies 2011). Given the proposed scale of the effort, China's potential success or failure in demonstrating and implementing low-carbon eco-cities could greatly affect how the world addresses both the climate change impacts of urbanization and the sustainable development of cities.
Despite the multiple guidelines that have been developed, it remains unclear what defines a low-carbon eco-city. Additionally, although more than 100 indicators have been used or proposed for assessing such cities, few relate directly to energy use or carbon emissions. Nonetheless, policy makers and leaders continue to demand comprehensive toolboxes to facilitate development of low-carbon eco-cities. This paper presents the results of an extensive literature review of the development of low-carbon eco-cities in China. The paper also qualitatively and quantitatively analyzes 11 major indicator systems that researchers, planners, governments, and city managers in China have used to identify low-carbon ecocities. Finally, the paper gives recommendations for future development, research, and policy design to support low-carbon eco-cities in China and the world.
Eco-cities in China: all roads lead to low carbon
Although there is no publicly accepted or officially adopted definition of a low-carbon eco-city, the concept can trace its roots within Chinese customs and culture. China's traditional cosmological and ecological ideal, which embodies the unity of heaven and humanity, has affected Chinese city design and built environment since ancient times. In modern times, the theory behind low-carbon eco-cities has evolved with, and as a result of, an increasing understanding of ecosystems, sustainable development, carbon footprints, and climate change. The modern theory also interacts and interconnects with commonly used terms from farther back in urban planning and architecture, such as eco-city, sustainable city, garden city, and livable city (see Table 1 ).
Table 1. Theories Behind Low-Carbon Eco-Cities

Concept or Theory
Background, Definition, and Major Content Application to Low-Carbon Eco-Cities
Building to unify heaven and humanity
The ancient Chinese believed that humanity, society, and nature form a unified whole, each part similarly constituted and governed by the same laws.
Emphasizes the harmony between the city and surrounding environment.
Sustainable city This concept calls for integrating into the planning and operation of cities the concept that development by this generation should not sacrifice the development potential of coming generations.
The sustainable city concept is helpful for establishing targets but does not reveal the interconnections between various subsystems. Garden city Initiated in 1898 by Sir Ebenezer Howard in the United Kingdom, garden cities were intended to be planned, self-contained communities surrounded by "greenbelts" (parks) and containing proportionate areas of residences, industry, and agriculture.
Supports the building of cities that optimize parks and green spaces.
Livable city Stresses the quality of life in cities. Standard of living refers to the level of wealth, comfort, material goods, and necessities available to the socioeconomic classes in a city.
Focuses on living standard and the quality of urban development.
Eco-city Ecological cities (eco-cities) enhance the well-being of citizens and society through integrated urban planning and management, harnessing the benefits of ecological systems while protecting and nurturing them for future generations. Eco-cities strive to function harmoniously with natural systems. They value their own ecological assets, as well as the regional and global ecosystems on which all people depend.
The concept of the eco-city is incorporated directly into the development of low-carbon eco-cities.
Low-carbon city To address climate change, low-carbon cities decouple economic growth from the use of fossil fuel resources by shifting society and economy toward consumption that relies on renewable energy, energy efficiency, and green transportation.
This concept adds an awareness of carbon emissions and climate change to city development.
Low-carbon ecocity
This concept combines the low-carbon city and eco-city in support of energy-saving and environmentally friendly cities, with an emphasis on low energy consumption, pollution, and carbon emissions.
This concept underlies the theory and practice of a low-carbon eco-city.
Sources: (Wan 2004) ; (Suzuki, Dastur et al. 2011); (The Climate Group 2010b) ; (Chinese Society for Urban Studies 2011) .
In this section, we first explore the application of the above theories to the emergence and development of eco-cities in China, then review current research and practice by the Chinese government at both the central and local levels.
Cities, which are centers of local and remote environmental impacts, are an appropriate focus for lowcarbon development policies. Cities account for an estimated 75% of the world's energy consumption 3 and 80% of carbon dioxide (CO 2 ) emissions. China, which has experienced high rates of urbanization, is starting to confront the challenge of climate change. In 2011, China's urbanization rate reached nearly 50%, up from 17.92% in 1978 when the reform period started and China was opened to international trade. Urbanization is projected to reach more than 70% by 2050 (Chinese Society for Urban Studies 2011; Li and Yu 2011) . More urban infrastructure and services will be needed to satisfy the demands of future city residents, resulting in higher energy consumption and emissions of greenhouse gases (GHG), including CO 2 .
Many in the research community have become interested in the concepts of eco-city, sustainable city, and low-carbon city. Some, for example, have discussed evaluating eco-cities based on alternative indexes such as human development index, social process index, ecological footprint, index for sustainable economic welfare, and material input per service unit (Zhang, Wen et al. 2008) . Others have discussed the definition of eco-cities from the perspective of ecological economics, using Yangzhou as a case to explore the use of an indicator system to evaluate the status, progress, and capacity of eco-city development (Wu, Wang et al. 2005) . Wenyuan Niu led the Chinese Academy of Science Sustainable Development Strategy Research Group discussed low carbon cities in the background of sustainable development (Liu, Wang et al. 2009 ). Guiyang Zhuang and others have discussed low-carbon cities in the framework of a low-carbon economy, and have worked with city leaders to demonstrate evaluation and planning theories (Zhuang, Pan et al. 2011) . Researchers have focused on the following key issues: the definition and features of an eco-city; the importance of developing eco-cities in China; the indicator system by which to gauge "eco-city-ness"; planning approaches for developing eco-cities, and international best practices (Chinese Society for Urban Studies 2011).
The concept of a low-carbon eco-city, a term that combines low-carbon development and eco-city concepts, has been emerging in China since 2008 (Qiu 2009 ). In 2009, the Chinese Society for Urban Studies released the Chinese Low Carbon Eco-city Development Strategy, which discusses techniques and policies to advance low-carbon development in China, including (1) the potential for a low-carbon urbanization strategy, (2) China's regional and urban development strategy based on functional zoning, (3) strategic research for sustainable cities, (4) eco-city planning principles and international best practices, (5) environmental issues and environmental management in China's urbanization process, and (6) China's urban development in the context of the path of sustainable industrial development designated as China's strategy for developing urban public transport (Chinese Society for Urban Studies 2009).
In practice, many organizations and research institutions have partnered with government and other stakeholders to explore the planning and best practices of low-carbon cities in China (The Climate Group 2010a 
Government involvement in low-carbon eco-cities
This section discusses the various levels of government involved in developing low-carbon eco-cities in China. Efforts of the central government are described first, followed by a range of local undertakings.
Central Government Programs
Several entities in China's central government are involved in planning and overseeing efforts to develop eco-cities.
Ministry of Environmental Protection: Eco-City
In pursuit of scientific development 11 and to promote the development of a "resources saving and . According to the current criteria, for a city to be considered an eco-city, it must meet the following standards.
The city must (1) establish an "eco-city construction plan" that has been considered, promulgated, and implemented by the Municipal People's Congress; (2) have independent environmental agencies, (3) exceed government-assigned energy savings goals, and (4) receive a score that ranks among the best in the province on an eco-environmental quality index. In addition, 80% of the county (including countylevel cities) must attain national ecological construction targets and be named National Environmental Protection Model Cities (Ministry of Environmental Protection 2007).
MEP issued a "National Ecological County, Ecological City Establishment Assessment (trial)" on December 13, 2003. In the assessment, the annual average net rural income per capita in developed areas was adjusted from 11,000 to 8,000 yuan (RMB), because the previous version had set it too high.
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Various indicators in the latest version of MEP's assessment index are discussed in detail in in section 3 of this document.
By July 2011, each of 38 cities, distributed throughout the country, had been named an "Ecological City (County)" under MEP's guidelines and assessment protocol. The cities were in Jiangsu, Shanghai, Zhejiang, Beijing, Shandong, Guanghdong, Sichuan, Anhui, Shaanxi, Tianjin and Liaoning provinces (see Table 2 ). The general requirements for being considered an Eco-Garden City are: (1) developing a comprehensive set of ecological urban development strategies, measures, and action plans; (2) forming a complete urban green space system; (3) prioritizing both the cultural and natural landscapes; (4) improving city infrastructure; (5) providing a good urban living environment; (6) demonstrating that the community actively participates in the policies and measures that formulate and implement the Eco-Garden City; and (7) displaying exemplary implementation of national and local urban planning and ecological and environmental protection laws and regulations.
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Any city already designated a National Garden City can apply for the designation of Eco-Garden City, which requires more assessment of the quality of the urban environment. Compared to "garden city" appraisal standards, "eco-garden city" assessments look to such additional factors as quantitative measures of ecological protection, standards for ecological construction and restoration, comprehensive species indexes, the urban heat island effect, the urban ecological environment, and public satisfaction. MoHURD created a basic indicator system for assessing eco-garden cities, which includes 19 primary indicators in three categories: urban ecological environment, urban living environment, and urban infrastructure. The detailed indicators and their assessment standards will be discussed in section 3. , NDRC is under pressure to explore best practices and international experiences regarding how to battle climate change, reduce carbon emission intensity, and promote green economic development. These goals are to be accomplished while developing the economy and improving people's living conditions during a period of rapid industrial development. Lowcarbon city development was therefore proposed in the agenda.
The tasks that low-carbon demonstration cities must pursue include: (1) preparing low-carbon development plans that integrate climate change concerns into the regional Twelfth Five-Year Plan; (2) formulating supporting policies to strengthen the development of green, low-carbon development; (3) accelerating establishment of an industrial system that produces fewer carbon emissions; (4) establishing a system for collecting and managing GHG emission data; (5) promoting low-carbon lifestyles and consumption (National Development and Reform Commission 2010). The first and fourth tasks could be identical, but the other tasks lack clear guidelines.
The official notice from the NDRC announced the selection of Guangdong, Liaoning, Hubei, Shaanxi, and Yunnan provinces and Tianjin, Chongqing, Shenzhen, Xiamen, Hangzhou, Nanchang, Guiyang, and Baoding cities as demonstration provinces and cities. The selections were based on local conditions, current environmental activities, and the potential for low-carbon development in the localities. The assessment details, which might require years to develop, have not been released. Following up on this initiative, more than 40 cities around the country have declared that they are planning to build lowcarbon cities, and even more to come. Table 2 lists the cities involved in the various programs overseen by China's central government agencies.
Those programs led by Chinese central governments are independently initiated but are quite similar in their design and implementation. The purposes of those programs are to promote the ministries' respective initiatives on city governance and establish a network of city commitment which means the governance power at ministry level. Those programs lack of coordination in general, though they stress different aspects of the city governance. The MEP Eco-city program stresses the eco-environment of the city, while the MoHURD Eco-Garden City program exams more on the urban development of the city. The eco-environment and the urban development are inseparable but they are under independent assessments by both governmental departments. Those programs extend the hands of central governments and their impact to the city governance, sometimes criticized as to add the burden of the cities. The cities have to deal with different assessments from central governments which have similar function but not always consistent. However, there is also demand from the cities. A few cities have involved all central government programs in order to grad multiple "names" so to fill their anxieties of official performance, besides political or the investment attraction benefits that might come up with the good "name". Therefore, seen from the results, each ministry has a network of cities involved in the 8 program and creates its own community of cities in the names of eco-city, eco-garden city or low carbon city, it would be necessary and helpful to integrate the dispersed directions and move towards consistent efforts. 
Local Government Programs
This section describes a range sample of programs operated by various local government entities.
Tianjin Eco-City
Tianjin Sino-Singapore Eco-City, a flagship cooperative project between the Chinese and Singapore governments, has the goal of demonstrating the transformation of the current urban development mode in order to tackle climate change, save resources and energy, protect the environment, and achieve social harmony. The development plan targets an area of 30 square kilometers (km 2 ) having a population of 350,000.
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To govern the project, the Chinese government and Singapore established a vice-premier-level joint coordination council and ministerial-level joint working committees in charge of key issues such as urban planning, environmental protection, resource conservation, building a circular economy, practicing ecological construction principles and standards, integrating renewable energy and neutral water-recycling technologies, providing for sustainable development, and promoting social harmony. The Tianjin Eco-City plan, which prioritizes ecological health, also emphasizes community management and public service.
An indicator system comprising 22 controlled indicators and 4 directive indicators 17 was selected as a tool for city planning, development, and construction, with emphasis on eco-environment health, social harmony and progress, economic development, and efficiency. The indicator system stipulates quantitative requirements regarding planning, transportation, ecological restoration, energy supply, community system, water, and so on. Section 3 provides a detailed analysis of the Tianjin indicators.
Caofeidian Eco-City
Caofeidian district is located in Tangshan City, Hebei province. Tangshan, which has an area of 74.3 km 2 and a population of 800,000, is bordered by a deep-water coast that offers good conditions for port development and construction. The Caofeidian eco-city, selected to be developed between the port areas of Jingtang and Caofeidian, has the goal of providing integrated support services for the port, port area, and port city while supporting the expected increase in industrial development and population. Plans call for developing a new eco-city that is "World-Class China Style, and Tangshan Characteristics" despite local challenges such as a severe scarcity of fresh water and saline soil conditions.
Caofeidian eco-city is exploring the following 10 principles to prevent resource destruction, high energy consumption, and environment pollution in the development and urbanization process: a focus on people, resource conservation, green buildings, city security, a recycling economy, green transportation, renewable energy, lifestyle, cultural integration, and highly efficient public utilities. A resource management center is being built to integrate the eco-recycling system and manage the energy, water, and waste systems. The center will be a core resource for guiding the city's application of new energy, sewage treatment, combined heat and power (CHP), neutral water recycling, and other technologies. The plan for Caofeidian eco-city was constructed through a joint effort of Sweco 18 and the Tsinghua Institute of Urban Planning and Design. The plan focuses on land use and green transportation, water, and green land systems that can integrate resources for constructing a public service center and living service base. A comprehensive indicator system was developed to facilitate the planning and management of the eco-city. The indicator system comprises 141 specific indicators in 7 subcategories: city function, building and building industry, transportation and communication, energy, waste, water, landscape, and public spaces. Chinese experts have stated that utilizing planning tools and detailed indicators in the construction and management process increases the program's practicality (Chinese Society for Urban Studies 2011).
Summary of Cities that Plan to Develop Low-Carbon Cities
Following on NDRC's policy push for low-carbon development, many cities have proposed establishing themselves as low-carbon cities, including Zhuhai, Hangzhou, Guiyang, Jilin, Nanchang, Ganzhou, Wuxi, Wanshou, Changping, and Chang-Zhu-Tan (see Table 3 ). By conducting city-wide low-carbon planning and establishing city-level energy and emissions targets, the cities aim to obtain central government support for developing new policies, projects, and programs. The implementation details of the plans and targets have yet to be fully described, however. 
Indicator systems and assessment of low-carbon cities
Cities that aim to become low carbon must address two questions: "What is a low-carbon city?" and "How can we assess our attainment of a low-carbon city?" Indicators assessment criteria here can help answer those questions by tracking information both for individual indicators and at a macro level, through the use of aggregated indicators. A macro-level assessment can provide an overall sense of a city's energy consumption and carbon emissions in order to evaluate to what extent the city is low carbon. Disaggregated sectoral indicators offer detailed information that can provide the foundation for future planning and actions (Zhou, Price et al. 2011) . Indicator systems are used widely to define and assess low-carbon cities and thereby help city policy makers identify new directions. Table 4 lists the features of the indicator systems that have been adopted by central government entities and a representative local government, that of Tianjin.
Table 4. Key Features of Selected Indicator Systems
Feature of System Eco-City(Area) National Eco-Garden City
Low-Carbon City Tianjin
Developed by MEP MoHURD NDRC Tianjin City Purpose National assessment of eco-city construction.
Evaluation of National Eco-Garden Cities.
Confronting climate change.
Eco-planning and management of Tianjin eco-city. Approach
Index system based on a percentile scoring system. Assessment examines the gap between the score and the standard.
Indicator system based on point score.
Candidates for National Eco-Garden Cities will be reviewed every 3 years.
Demonstration to explore the feasibility and tools, packages, and policy instruments needed to develop lowcarbon cities.
Decomposition of an index system for implementing eco-city planning and construction guidelines.
Basic Condition
Based on "eco-city construction planning," the evaluation index for eco-environmental quality should be among the best in the province.
Planning for a green space system and other basic requirements enables a city to obtain the title of National Garden City. Most indicator systems have three structured layers, a target, a path, and an indicator layer. The target layer provides the overall goal; the path layer creates subcategories (as shown in Table 5 ) for the indicator system; and the indicator layer lists specific indicators used to evaluate progress in the path and target layers. In Tianjin, for example, low-carbon planning has divided the city into four major target areas: economy, society, environment, and regional coordination. MEP focuses primarily on the environmental aspects, while MoHURD focuses more on the built environment and infrastructure. MoHURD's system has no indicators related to energy, industry, or economy; the MEP system has no indictors for transportation or the thermal environment. No indicator system has been released for NDRC's low-carbon city program. 
Indicator Systems Examined
Indicator systems are used widely by researchers and policy makers to define the scope, set targets, and assess the progress of eco-city programs. Disaggregated sectoral-level indicators can provide the greatest amount of information and can serve as the foundation for future planning and action (Zhou, Price et al. 2011) . Based on an extensive literature review of publicly available indicator systems, we have selected for analysis five academically researched indicator systems, two adopted by the central government, and four introduced by local governments. Those systems are selected based on the merits that: first, they are already adopted by the governments or widely quoted by the researchers; second, they represent the efforts either from central governments or local governments; third, the indicators and their implementation are publicly available. The 11 indicator systems are examined in the following discussion. The groups or cities that developed each system, key features and application of the system, and sources are summarized in Table 6 .
Among the 11 selected systems, the sustainable development system, developed by the Chinese Academy of Sciences (CAS), has the greatest number of indicators: 146 indicators pertaining to support for the ecosystem, development, environment, society, and intelligence security. The Caofeidian ecocity indicator system, developed by Sweden's Sweco in cooperation with Tsinghua Urban Planning Institute, contains 141 indicators related to city function, building and the building industry, traffic and transportation, energy, waste, water, landscape, and public spaces. The indicator system for Tianjin Sino-Singapore eco-city has 22 controlled indicators and 4 directive indicators related to coordination with regional policy, the natural ecosystem, society and culture, and regional economics. The widely accepted criteria of SMART
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(Specific, Measurable, Achievable, Relevant and Time bound) is used in the paper to assess the selected indicators. Specific means indicators measure what they claim to measure and are not confounded by other factors. This is also referred to as "validity". Measurable shows indicator needs to be precisely defined; results should be the same regardless of who collects the data (a.k.a. verifiable); indicators that allow comparison over time and also from one location to another; the measurements used should be culturally, socially and politically acceptable to the population. Achievable refers to required data can actually be measured and collected. Feasibility should also be examined in terms of institutional capacity, and the cost of data collection is affordable and worthwhile.
Relevant shows indicators must provide useful information to program and help guide decision-makers.
Time Bound indicates the data should be collected and reported at the right time at regular interval, so the results could be updated at timely manner.
Applying the SMART criteria to those selected systems, although the indicator systems appear well designed, they all suffer some shortcomings. As Table 6 shows, some systems incorporate many indicators, complicating the effort to gather data and track progress and possibly resulting in dilution of the overall goal. Some systems contain few indicators, which may be insufficient to perform a comprehensive assessment. The system used for Zhang and Wen et al incorporates values from other comprehensive indicator systems such as the human development index (HDI), making it difficult to compare to the other systems. Some indicators, such as a city's energy security or energy self-sufficiency, may not represent appropriate goals within an area that has integrated energy markets. Energy selfsufficiency may not contribute to becoming low carbon, if the self-sufficiency is based on high-emissions coal. Some indicator systems focus more on conventional environmental pollutants rather than energy consumption or carbon emissions, missing the key feature of a low-carbon city.
Some indicators are qualitative, others quantitative, based primarily on the category of indicators, not the indicator system. In Tianjin, qualitative indicators were introduced to Caofeidian's proposed systems to incorporate social aspects of the evaluation. Even for difficult-to-quantify social aspects, quantitative methods such as percentages, polar questions, and satisfaction rates are used to create quantitative 16 scales that enable comparisons of social data from different cities. We found a wide variation among the methodologies for selecting indicators. Expert experience and judgment may be involved in deciding which indicators to use or how to weight them. External expert review is introduced for the indicators described in the MoHURD Chinese Society for Urban Studies Report (2011). Some indicator systems also created weighting factors to prioritize and differentiate the indicators.
From all the indicator categories adopted by Chinese governments or proposed by Chinese researchers, we selected 8 we believe to be key categories-energy, water, air, waste, transport, economy, land use, and social aspects-to discuss in detail. Table 7 summarizes coverage of the 8 categories by our 11 selected indicator systems. 130 indicators of those 11 indicator systems are organized within subcategories in the 8 categories. Indicators for each of the 8 categories are described in detail below, along with the different timeframes and units used for each indicator. (Zhuang, Pan, and Zhu, 2011 .) × RUC (Zhang, Wen et al. 2008) × × CAS (Wu and Wang, 2005 Totals  8  8  9  7  5  5  8  4 Note: The statistics are indicative.
As Table 7 shows, most indicator systems include air, energy, water, land use, and waste. Transport and economic categories are less used, and social aspects are covered least often in the selected systems. Clearly, current systems focus on the physical environment, in which air, energy, water, and land use are the major components. Indicator systems for the Chinese Society for Urban Studies and for the Guiyang eco-civilization city include all eight categories, whereas the CASS indicator system covers only energy (Zhuang, Pan et al. 2011) . Other systems have different focuses: for example, the RUC/Tsinghua indicator system for they stresses social and economic factors. Only the CASS indicator system has a strong focus on energy and carbon and therefore on low-carbon development (Zhuang, Pan et al. 2011 ). Figure 1 shows the number of indicators appear in each of the 8 major categories in the selected indicator systems.
Key Elements of Indicator Systems
Figure 1. Numbers of Indicators by Major Category
In all 11 systems, the water category has the largest number of indicators (33), followed by energy, waste, and land use. This occurrence reflects the importance the developers of the indicator systems placed on those elements in evaluating the sustainability of a city. Both water and energy are basic inputs to a city, and waste, the byproduct of human activities, must be disposed of. Those top three indicators receive comprehensive evaluation. The indicators for carbon emissions are integrated into the energy category. Only the systems for Tianjin city and Caofeidian include carbon intensity indicators. Although carbon productivity and carbon emissions per capita or per GDP are included in the other indicator systems, they are compared with national standards, without proposing any city-specific criteria. Air quality and transport, with 9 indicators each, have the fewest indicators among the 8 major categories.
Exploring the 8 categories in more detail, Figure 2 shows how many of the 11 selected systems include various indicator subcategories. The number of subcategories included within a major category gives an indication of the importance placed on that category. 
. Numbers of Indicator Systems that Contain Various Subcategories
As Figure 2 shows, the most commonly used subcategories, by 7 out of 11 indicator systems, are air quality, and water quality, followed by waste treatment, water resources and public green land used in 6 out of 11 systems. These data show that the 11 selected indicator systems focus on conventional environmental factors. Carbon intensity is included in 3 systems and energy intensity in only 2, meaning that low-carbon eco-cities are not evaluated on the basis of carbon emissions and mitigation, which are the central targets for development and assessment. Although some subcategories, such as culture, green transport, productivity, general satisfaction, and other social-economic indicators, are included in Integrating those indicators with low-carbon features could enrich the assessment of low-carbon eco-city development. However, it also represents the challenges that not all the indicators are connected to "low carbon" feature, therefore, it helps to reflect the question over what need to be included in a "low-carbon eco-city" indicator system. The following sections describe the indicators used to assess each of the 8 major categories found in the 11 indicator systems. The features of the general categories and identified subcategories are provided, along with their units of measure and assessment criteria. The number of indicators in each subcategory is given in parentheses beneath the subcategory. We applied this method to all 8 major categories.
The columns headed Notes in the following tables identify the various indicators as controlled, binding, management, planning, or research. The identification indicates how strictly an indicator is implemented. The target or standard identified by a controlled indicator, for example, is mandatory once the indicator system has been adopted by the government and passed through the legislative body, which in China is the national or local People's Congress. Planning indicators are those considered targets in city or regional planning, used to guide development strategy but not made mandatory. Binding indicators are not as strict as controlled indictors but are policy tools for the government to set up restrictions or targets to a certain indicator, therefore has legal effectiveness. Management and research indicators usually are included for reference. Controlled and planning indicators dominate the selected systems, suggesting that policy makers intend to exercise some degree of control over implementing the indicators.
Energy
In Table 8 , energy indicators are grouped by subcategory according to the issues addressed. For each indicator, we present the units of the indicator and the criteria or target for assessment. We also include the source of the indicator used and the indicator type. The number of indicators in each subcategory is given in parentheses beneath the subcategory. Five subcategories often included in the energy category are renewable and clean energy, energy security, carbon intensity, energy intensity, and sectoral energy (see Table 8 ). The sectoral subcategory is dominated by indicators for residential and commercial buildings, electricity, heating, and airconditioning. The indicator of "energy self-sufficient rate" reflects the degree of energy security. Energy security is important to China because China's dependence on oil imports reached 57% in 2011. Although the country is a net importer of all forms of fossil energy, it is debatable whether energy selfsufficiency should be a central consideration at the city level.
Only 7 indicators are connected directly with carbon emissions or carbon intensity, which are underrepresented in the overall evaluation system for low-carbon eco-cities. The carbon indicators that are used are mostly research types, meaning they have not reached the point of policy design or 21 implementation. Indicators for renewable and clean energy are increasingly important, as China's use of renewable energy has skyrocketed in recent years. China's wind energy capacity has increased from 1.3 gigawatts (GW) in 2005 to 62.7 GW in 2011. China's solar capacity has reached 3 GW from almost nothing, although much is wasted because of variable generation or disconnection from with the grid. China has established the ambitious targets of producing 150 GW of wind and 20 GW of solar energy by 2020, and cities are on track with committed to the national targets.
The units used for energy and carbon indicators are in terms of productivity, intensity, or a per-capita measures. Cities themselves have established no hard caps for energy consumption or and carbon, although the Chinese government has proposed a national cap of 4 billion coal equivalent by 2015.
Because the Twelfth Five-Year Energy Saving and Emission Reduction Plan 20 proposes a cap that will be aggregated through local governments and key industries, the low-carbon cities must develop cap indicators to meet that requirement. The units for the building sector are the standard kilowatt-hours (kWh) of electricity use per area per year. The units for renewable and clean energy targets are mostly percentages, with criteria that are consistent with national targets.
Water
Subcategories identified in the water category include water resources, water quality, water consumption and utilization, and water treatment (see Table 9 ). Water resource indicators assess the availability of water. According the Wang Shucheng, former head of China's Ministry of Water Resources, more than 400 cities have water supply shortages, 110 of them severe, and nearly two-thirds of all cities experience water shortages to some extent. 21 Therefore, cities place a priority on guaranteeing water supplies by extending the water supply infrastructure while also utilizing more recycled or reclaimed water. Caofeidian and MoHURD address the utilization of reclaimed water and recycling water. Tianjin's indicator system includes the natural water cycle and unconventional water resources. MEP views industrial waste water as a major source of recycled water.
Water consumption and utilization indicators evaluate the efficiency of fresh water use by units of consumption per capita or per unit GDP, with some indicators adding a timeframe of per day or per year. All indicator systems stress water quality, including the quality of tap water, drinking water, surface water, and underground water. Water quality standards are set by the Environment Quality Standards for Surface Water (GB3838) and the GB3838 standard IV is widely quoted for water quality in industrial regions. The criteria set by MEP, the environmental regulator, generally are higher than those of the indicator systems. The urban sewage treatment rate is set at 85% by MEP and 70% under MoHURD, for example. Because many indicators in the water category are based on rate or intensity, percentage units commonly are used. 
Air
The category of air quality and pollution control contains fewer indicators than do water and energy (see Table 10 ). Some national or regional air quality standards are provided as benchmarks for addressing indoor, downtown, or regional air quality. Air quality standards are set by the Ambient Air Quality Standard (GB3095) 22 and the Air Quality Index (AQI 
Waste
Indicators for waste fall into three major subcategories: recycling, treatment, and disposal (see Table 11 ). Among the three subcategories, waste treatment receives the largest number of indicators. Almost all the selected systems have waste treatment indicators, some focused on garbage or industrial solid waste, others on hazardous waste. According to the Report on China's 2010 Environmental Status, national industrial solid waste discharge was 2.4 billion tons in 2010, the comprehensive utilization rate of garbage was 67.1%, and the disposal rate was 23.8%. Hazardous waste discharge was 15.9 million tons with a comprehensive utilization rate of 61.5%. Because the disposal of hazardous waste is both important and challenging, the indicators for hazardous waste control are more binding than others, 25 which generally apply only to planning. MEP and Tianjin have addressed the harmless treatment of hazardous waste. Other indicators evaluate the rate and frequency of waste recycling and the energy consumed or generated by waste processing.
MEP has a series of solid waste pollution control standards 25 that include garbage discharge, hazardous waste, industrial waste, and solid wastes from certain processes or imports. The indicators incorporate MEP's standards as criteria for assessment. Caofeidian has detailed indicators for various waste process methods, which inform the growing debate over landfill or waste incineration. The units used in this category are per capita within a given timeframe, for example a year or a day. Percentages commonly are used for rate-based indicators. (2020) threshold, it is seen as meeting the associated assessment requirement. Other systems set a target for a certain year or multiple timeframes, generally 2015 or 2020 in accordance with the timeline for China's five-year plans. Low, medium, and high target ranges are defined for some indicators. The timeframe for other criteria are not specified but are connected to average national or regional standards or targets, usually at the high end of the relevant standards.
Figure 3 Numbers of Indicators at Various Timeframes
The information pertaining to the criteria for various indicators derive primarily from three sources. One source is national or regional standards, if they exist. For example, there are national standards for both air and water quality, and cities typically, but not always, adopt criteria at the high end of those standards. A second source is industrial or sector-wide best practices, such as for commercial or residential building energy consumption. Other targets are driven by city or local conditions or performance needs. The utilization rate for renewable energy, for instance, may be based on the citylevel availability of resources and the target desired by the city government.
In some cases, standards and regulations themselves provide indicator benchmarks or targets. In rare cases, for example in the MEP system, cities are graded on each indicator, and the cities having the overall highest scores are named eco-cities. A problem with this system is that a city that is weak in certain key areas but that has a good overall score can earn the designation. Weighting and scoring systems need careful examination and design, although they are not yet used widely in the selected systems. The 11 selected systems contain many indicators that have not been categorized. The Guiyang system, for example, includes the efficiency of administrative services, the index of perception of corruption, and public satisfaction with the city administration. Because such indices are difficult to quantify, they are not examined in this analysis.
Data availability is another issue, because some indicators can be evaluated using data from statistical reports, while others require effort to set up a standard. Zhou et al. (2011) in detail (Williams, Zhou et al. 2012) . Figure 4 shows the terms of measurement for the indicators from our selected systems.
Figure 4. Number of Indicators by Units of Measure
Comparison to international indicator system
As part of the review efforts, the project also investigated 20 of the internationally used indicator systems (Williams, Zhou et al. 2012 ). Compared to the international indicator systems, the Chinese indicator systems have significant differences on the structure of categories of indicators, the concentration of specific types of indicators, the methodology and the weighing systems, and the purpose of applying the indicator systems.
The key findings on the structure of primary category and secondary category of both the Chinese and international systems are similar. The research shows there is consensus on the selection of primary categories, however, the specific indicators in each primary category vary significantly in the international systems investigated (Williams, Zhou et al. 2012 ). The primary categories, both in the international and domestic systems, are usually structured in environment (or ecology), economy and social aspects, which is consistent with the framework of sustainable development. Consensus has been focused on a few environmental categories, while social and economic goals are less commonly used. A few international cities were observed to introduce some new indicators such as happiness index in the system, while energy and carbon category is increasingly considered by city planners and policy makers in China.
The lack of commonality has been seen both in China and internationally, but the international indicator system has better representation of energy and carbon indicators. Within the 16 indicator systems analyzed in the international systems, only 10 indicators were common to more than 2 systems. The two most common indicators, "total water consumption in liters/capita/day" and "CO 2 emissions in tonnes/capita/day" were found in 7 systems (Williams, Zhou et al. 2012 ). In the Chinese indicator system review, 18 types of indicators are used by less than 2 systems, and only one indicator system highlighted energy and carbon indicators in the assessment. Conventional environmental factors of air, water, and waste are commonly used by the Chinese systems. This lack of commonality in the use of specific indicators is not surprising given the various goal and diversified condition of low carbon ecocity development, they rarely agree on the best means and necessary tools to assess development and measure progress.
Expert consultation is commonly used in building the indicator systems both in China and internationally, however, weighting methods are not widely applied. The systems are normally built by international organizations, research institutes and NGOs independently or work with government agencies to facilitate the development of low carbon eco-city or comparison among cities. This is even more common as the indicator systems are normally developed by the government owned research institutes under corresponding government agencies. Those institutions usually have expertise in some aspects of the urban development or city planning, and have good connection with the research community and government bodies. However, it is not clear yet if Delphi method, a systematic involvement and interpretation of expert view has been commonly used. Chinese systems normally have equal weighting for each selected indicators but the MEP system uses score system so to address the overall performance not specific indicator. Furthermore, public participation and stakeholder involvement in the process need to addressed in China. The transparency of the method, data, process, and assessment is crucial for a success indicator system.
Indicator systems are more used for ranking internationally while in China are more for assessment. Out of 16 international systems reviewed, 9 systems (more than half) ranked comparative performance between cities (Williams, Zhou et al. 2012) . Those systems identified as ranking systems share some common features on the selected indicators and number of indicators so to make it comparable. Almost all Chinese indicator systems are used for assessment, which compares to the criteria set by the system so to decide if the city meet a certain standard therefore eligible for the program or check the status of building low carbon eco-city, and provide policy implications to fill the gaps. This feature shows the need for comparable indicator system in China and the potential difficulties in doing so. In addition, both Chinese indicator systems and international systems have to meet the challenges of data availability and sources of data, and to face the tradeoffs in choosing indicators between comprehensive versus specific, quantitative versus qualitative, standardize versus adaptive, stable versus dynamic. The purpose of the indicator system, the method to adopt and the structure of the system will shape how the indicators are selected and used therefore will impact the application of the indicator systems.
Conclusion
The concept of a low-carbon city may provide a key to addressing the challenges of urbanization, specifically concerning climate change. China has moved aggressively through both the central and local governments to build policies and programs that support low-carbon eco-cities. China's Ministry of Environmental Protection, National Development and Reform Commission, and Ministry of Housing and 34 Urban-Rural Development have developed independent indexes for the eco-city, low-carbon city, and low-carbon eco-city. In addition, provincial and city governments have developed major local initiatives. China's successes and failures in demonstrating and implementing the concept of the low-carbon ecocity may greatly affect how the world addresses climate change and sustainable development in cities. Because indicator systems are essential to defining a low-carbon eco-city, they are useful in assessing the development of such cities. There is no lack of indicator systems on papers, but there is lack of practical indicator system that policy makers can use in their decision making and make progress in the real assessment. Although multiple guidelines exist, it remains unclear what best defines a low-carbon eco-city; although more than 100 indicators have been used or proposed for assessment, few provide extensive coverage of energy use and carbon emissions. Policy makers and leaders, however, continue to demand comprehensive toolboxes to facilitate development of low-carbon eco-cities.
This paper presents the results of an extensive literature review of the development of low-carbon ecocities in China. Our key findings show there is consensus on primary categories of the indicator systems, however, less agreed on the specific indicators in each primary category. The number of indicators, the methodology of selecting indicators and the way the indicator systems are used vary cross different systems further indicates lack of commonality in the design and implementation of those indicators. Through reviewing the key indicator systems used in China shows the current indicators are not SMART enough to meet the demand for joint efforts on low-carbon eco-city development in China. Specific, measurable, achievable, relevant and time bound --the SMART criteria--we used to review the major categories of indicator systems, also acts as guideline for the proposal and section of indicators.
We provide qualitative and quantitative analysis of 11 major indicator systems that researchers, planners, governments, and city managers have used in China. The paper examines 8 major categories of indicators-energy, water, air, waste, transport, economy, land use, and social aspects. Although the indicator systems generally apply to broad categories, some focus on specific aspects. Developing policy tools for stakeholders in low-carbon eco-cities requires increasing the emphasis on indicators for energy and carbon emissions. Indicators that more fully characterize a city's energy consumption and consequent carbon emissions, in terms of end uses, fuels, and delivery systems, would be essential to identify emissions sources and mitigation potentials. In the next phase of research, we will compare Chinese practices with international best practices based on which indicator systems incorporate expert consulting and a weighting system. The observations and analysis of the current used indicatory system both in China and internationally would serve as a good foundation for future adoption or development of a transparent, systemic, and methodological indicator system.
The new system should have a clear vision of what defines a low-carbon eco-city. Those selected indicators should reflect the connection to such low carbon vision. They should be based on data availability, the international best practices but also given consideration of local situation. They should set achievable targets in given clear time frames so to make it possible to mobilize incentives and assess progress. They need to be embedded to the governance structure and institutional capability so the implementation is not only possible but also sustainable. They have to evolve with changing economic, social, and environmental situations so to adaptive to new frontiers. With careful examination and 35 detailed comparison, a comprehensive, comparable, and adaptive indicator system can be developed and put to good use by policy makers.
